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Dark matter that is electrically neutral but couples to the electromagnetic current through higher-
dimensional operators constitutes an interesting class of models. We investigate this class of models
at the Large Hadron Collider, focusing on the anapole moment operator in an effective field theory
(EFT) framework, and utilizing the vector boson fusion (VBF) topology. Assuming proton-proton
collisions at
√
s = 13 TeV, we present the VBF anapole dark matter (ADM) cross sections and
kinematic distributions as functions of the free parameters of the EFT, the cutoff scale Λ and the
ADM mass mχ. We find that the distinctive VBF topology of two forward jets and large dijet
pseudorapidity gap is effective at reducing SM backgrounds, leading to a 5σ discovery reach for all
kinematically allowed ADM masses with Λ ≤ 1.65 (1.15) TeV, assuming an integrated luminosity
of 3000 (100) fb−1.
I. INTRODUCTION
Determining the identity of dark matter (DM) is one
of the most active areas of research in particle physics.
One interesting class of DM models is where the DM
particle is itself electrically neutral, but couples to the
photon through higher multipole interactions. This sce-
nario has been considered by many authors ([1] - [11])
in a variety of UV settings: technicolor [3, 7], compos-
ite dark sectors [8], supersymmetry [12], simplified lep-
tophilic models [13, 14], and simplified light dark sectors
[15]. Different multipoles have been studied, including
electric and magnetic dipole moments, the anapole mo-
ment, and charge radius interaction.
The purpose of this paper is to probe multipole mo-
ments at the Large Hadron Collider (LHC) using the vec-
tor boson fusion (VBF) topology ([16] - [26]). We focus
on the anapole moment, leaving other moments for future
work. We work within an effective field theory frame-
work, remaining agnostic about the UV completion. The
anapole dark matter (ADM) operator can be written as
Leff,anapole = g
Λ2
χ¯γµγ5χ∂νFµν , (1)
where Λ is the cutoff scale and χ denotes the DM parti-
cle. Possible UV completions could be Bino DM coupling
to sleptons in supersymmetry or DM that is a composite
state of charged particles (where Λ would be the confine-
ment scale).
Collider studies of this class of operators have typi-
cally relied on the mono-X signature, where X can be
a jet [27], a Z-boson [28] - [30], or a photon [31]. In
a recent paper [28], one of the authors studied the ef-
fective operator in Eq. 1 using the mono-Z signature
at the high-luminosity LHC (HL-LHC) [29, 30]. The
discovery potential of the HL-LHC was determined us-
ing boosted decision trees for various levels of system-
atic uncertainties. The authors of [31] studied magnetic
dipole moment operators using monojet, monophoton,
and diphoton searches at the LHC, 100 TeV collider, and
the ILC. In both these papers, a comparison to the pro-
jected bounds from direct detection experiments was per-
formed. We refer to [27] and references therein for some
older studies.
VBF provides a strategy in this context that is com-
plementary to the above searches. As we discuss later,
the cross section of VBF ADM dominates over the cross
section of mono-Z for all relevant values of mχ and Λ.
Moreover, while a mono-Z study in this context has to
contend with irreducible Standard Model (SM) ZZ and
W+W− backgrounds, the VBF topology offers remark-
able control over SM backgrounds. This control is due to
the presence of two distinctive forward energetic jets, in
opposite hemispheres, with large dijet invariant mass. A
comparative study of VBF with other mono-X searches
for multipole DM would be interesting in the future.
We note that several of the current authors have ex-
ploited these attractive features of VBF processes to pro-
pose effective LHC probes of WIMP DM in models of Su-
persymmetry (SUSY) [18], SUSY electroweakinos [19],
SUSY sleptons [20], SUSY top and bottom squarks in
compressed spectra [21, 22], Z
′
[24], new heavy spin-2
bosons [25], and heavy neutrinos [26]. Although trigger-
ing, reconstructing, identifying, and calibrating a pair of
forward jets presents an experimental challenge, some of
the proposed searches for SUSY WIMP DM and com-
pressed spectra have been successfully carried out by the
CMS collaboration [17, 23].
The rest of our paper is structured as follows. In Sec-
tion II, we describe our simulation methods, signal cross
section, and dominant backgrounds. In Section III, we
discuss event selection criteria, and in Section IV, main
results. We end with a short discussion in Section V.
II. SAMPLES AND SIMULATION
Simulated events from proton-proton (pp) collisions at√
s = 13 TeV were generated for signal and background
ar
X
iv
:1
90
2.
01
48
8v
1 
 [h
ep
-p
h]
  4
 Fe
b 2
01
9
2using MadGraph5 aMC (v2.6.3) [32]. Hadronization was
performed with PYTHIA (v6.416) [33]. Detector effects
were included through Delphes (v3.3.2) [34], using the
CMS input card. The signal model was produced using
FeynRules [35], following Ref. [28]. We produced sev-
eral signal samples considering various values of A ≡ gΛ2 ,
which as expected has a direct impact on the production
cross section.
Signal samples were produced for a variety of ADM
masses, ranging from 1 GeV to 3000 GeV (1, 10, 50, 100,
250, 500, 750, 1000, 2000, and 3000 GeV). The value of
Λ was varied between 500 GeV to 3000 GeV, in steps of
10 GeV, for every ADM mass point considered. The sig-
nal samples were produced considering pure electroweak
production of a χχ pair and two additional jets (i.e.
pp→ χχjj with suppressed QCD coupling α0QCD). Fig-
ure 1 shows representative Feynman diagrams depicting
VBF χχjj production. Figure 2 shows the VBF ADM
production cross section as a function of m(χ) for vary-
ing values of Λ. As expected, the cross section scales
as Λ−4. Interestingly, we find that the VBF ADM pro-
duction cross sections dominate over those of the more
traditional mono-Z and monojet processes for all relevant
values of Λ and mχ, making VBF an important mode for
discovery.
The dominant sources of SM background are produc-
tion of a Z or W boson with associated jets, referred to
as Z+jets and W+jets, respectively. The Z+jets and
W+jets backgrounds together constitute about 95% of
the total SM background. Due to the genuine miss-
ing momentum from neutrinos, W (→ `ν)+jets events
become an important background if the accompanying
charged lepton is “lost” either because it falls outside
the geometric acceptance of the detector or fails the lep-
ton identification criteria (and thus fails the lepton veto
criteria described later). The Z+jets process becomes
an important and irreducible background when the miss-
ing momentum arises from Z boson decays to neutrinos.
Finally, around a 5% contribution from tt¯+jets events is
also expected. Similar to the W+jets process, tt¯+jets be-
comes a background when leptons from the t→W → `ν
decays are “lost” and the bottom quarks fail the b-jet
identification criteria. These major SM backgrounds
were produced considering up to four additional jets asso-
ciated to the central process, inclusive in the electroweak
coupling (αEWK) and αQCD. At parton level the jets
were required to have a transverse momentum (pT) above
20 GeV and pseudorapidity (|η|) |η| < 5.
Jet matching was included using the MLM algorithm
[36]. The matching requires an optimization of the xqcut
and qcut variables in the algorithm, which for this let-
ter are set to 15 and 35 GeV respectively. The xqcut is
defined as the minimal distance among partons at gener-
ation level, and the qcut corresponds to minimum energy
spread for a clustered jet in PYTHIA. The optimization
was performed using the differential jet rate distribution
included in MadGraph. The distribution includes events
with different jet multiplicities and the optimal parame-
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Figure 1. Representative Feynman diagrams depicting VBF
χχjj production.
ters must result in a smooth transition between the cor-
responding curves for events with n− 1 and n jets.
III. EVENT SELECTION CRITERIA
The VBF topology is characterized by a pair of high
pT forward jets located in opposite hemispheres of the
detector. Since the minimum pT of reconstructed jets
is limited by experimental constraints, namely from the
detector geometry, detector performance, and jet recon-
struction algorithms, we select events with at least two
jets with pT (j) > 30 GeV. Figure 3 shows the η distri-
bution of jets for our major SM backgrounds and two
signal benchmark samples with Λ = 1 TeV and mχ = 1
GeV (1 TeV) in black (red). Similarly, Figure 4 displays
a comparison of the pseudorapidity difference |∆ηjj | be-
tween the two leading jets in the signal and background
samples. While the SM background contributions typ-
ically consist of events containing central jets (η ≈ 0)
and dijet pairs with small |∆ηjj |, the ADM signature is
characterized by jets with η ≈ 4 and large |∆ηjj |. There-
fore, Figures 3 and 4 motivate a forward η requirement
on the two leading jets and a large η gap between them
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Figure 2. The VBF χχjj cross section as a function of Λ and
mχ. For comparison, the mono-jet and mono-Z cross sections
are also shown.
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Figure 3. η(j) distributions (normalized to unity) for the
major SM backgrounds (blue and green), VBF neutralino χ˜01
pair production in SUSY (purple), and the benchmark signal
samples with {Λ,mχ} = {1000 GeV, 1 GeV} (black) and
{1000 GeV, 1000 GeV} (red).
to effectively differentiate signal from background.
We note that VBF ADM production is fundamentally
different from the VBF SUSY processes studied by some
of the current authors in Refs. ([18] - [22]). While VBF
SUSY production occurs via t-channel WW/WZ/ZZ di-
agrams, an important VBF production mechanism in the
specific case of ADM is t-channel γγ fusion (see Figure 1).
This distinguishing feature of VBF ADM production re-
sults in significantly more forward jets and a larger ∆ηjj
gap than those found in events from other VBF processes
and DM scenarios. This difference allows for the exper-
imental differentiation of this ADM process from other
DM scenarios. In addition to the SM background and
VBF ADM η(j) and |∆ηjj | distributions, Figures 3 and
4 also display the corresponding η(j) and |∆ηjj | distribu-
tions for VBF neutralino (χ˜01) pair production in SUSY
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Figure 4. ∆ηjj distributions (normalized to unity) for the
major SM backgrounds (blue and green), VBF neutralino χ˜01
pair production in SUSY (purple), and the benchmark signal
samples with {Λ,mχ} = {1000 GeV, 1 GeV} (black) and
{1000 GeV, 1000 GeV} (red).
in order to elucidate this point.
The event selection thresholds were determined us-
ing an optimization process for the best signal signifi-
cance z. The signal significance was determined based
on the signal-to-noise ratio, which is given explicitly by
z = S√
S+B+(.25B)2
where S is the signal event yield and
B is the combined background event yield. This signal
significance calculation includes a 25% systematic un-
certainty (described later), which is standard for VBF
searches at CMS [17, 23]. The samples used for selec-
tion optimization were mχ = 1 GeV, mχ = 500 GeV,
and mχ = 1000 GeV with Λ = 1 TeV in all mχ consid-
erations. The selection thresholds were each chosen such
that signal significance was at the maximum.
In Figure 5, we display the normalized signal signifi-
cance z/zmax as a function of |∆ηjj | > X cut value, as-
suming an integrated luminosity of 100 fb−1. The signal
significance is maximized for |∆ηjj | > 7. Similarly, the
optimization procedure leads us to require |η(j)| > 3.0
Similar to current ATLAS and CMS DM searches uti-
lizing the mono-X signature, the production of DM can-
didates at the LHC is indirectly inferred by measuring
the imbalance of the total energy in the transverse plane
of the detectors (EmissT ). The reconstructed E
miss
T is the
magnitude of the negative vector sum of the transverse
momentum of visible objects, EmissT = |−
∑
i=visible ~pT,i|,
where ~pT,i is the transverse momentum vector of all vis-
ible particles i in an event. Due to the neutrinos from
W/Z decays, the major SM backgrounds include genuine
EmissT , which is constrained by the Z or W mass. On the
other hand, the ADM signature of interest has, on aver-
age, a harder EmissT distribution that can be used to dis-
criminate against the SM backgrounds. Figure 6 displays
the EmissT distributions (normalized to unity) for the ma-
jor SM backgrounds and the benchmark signal samples.
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Figure 5. The normalized signal significance z/zmax as a func-
tion of the |∆ηjj | requirement. The signal significance is op-
timized for |∆ηjj | > 7.0.
Criterion Selection
|η(j)| > 3.0
pT (j) > 30 GeV
N(j) ≥ 2
pT (`) > 10 GeV
|η(`)| < 2.5
N(`) = 0
pT (b-jet) > 30 GeV
|η|(b-jet) < 2.4
N(b-jet) = 0
∆ηjj > 7.0
EmissT > 175 GeV
Table I. Event selection criteria for the proposed VBF ADM
search region.
Figure 7 shows the normalized signal significance z/zmax
as a function of the EmissT cut value, assuming an inte-
grated luminosity of 100 fb−1. As previously mentioned,
we choose the cut value that achieves maximum signal
significance. From Figure 7, it is evident that signal sig-
nificance is maximized for EmissT > 175 GeV.
To further suppress SM backgrounds and to isolate the
distinct VBF ADM signal, we impose b-jet and lepton
veto selections. Events are rejected if a jet has pT > 30
GeV, |η| < 2.4, and is identified as a bottom quark (b).
With the b-jet veto, SM backgrounds with top quarks are
suppressed. Events are also rejected if they contain an
identified electron or muon candidate with |η| < 2.5 and
pT > 10 GeV. Similarly, simulated events in the proposed
search region are required to have zero jets with pT >
20 GeV and |η| < 2.5 tagged as hadronically decaying
tau leptons (τh). The b-jet and lepton veto selections
also reduce SM backgrounds with vector boson pairs (e.g.
WW → `ν`ν) and Z/γ∗ → `` to negligible values, while
being > 90% efficient for VBF ADM signal events. Table
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Figure 6. EmissT distributions (normalized to unity) for the
major SM backgrounds (blue and green) and the benchmark
signal samples with {Λ,mχ} = {1000 GeV, 1 GeV} (black)
and {1000 GeV, 1000 GeV} (red).
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Figure 7. The normalized signal significance z/zmax as a func-
tion of the EmissT requirement. The signal significance is op-
timized for EmissT > 175 GeV.
I summarizes the final optimized signal selection criteria.
The very forward jet requirement with unusually large
|∆ηjj | gap characterizing the VBF ADM topology results
in TeV scale dijet mass mjj . The dijet mass is given by
mjj =
√
2pj1T p
j2
T cosh(∆η(jj)). Figure 8 shows the mjj
distributions for the main SM backgrounds and the signal
benchmark samples with {Λ,mχ} = {1000 GeV, 1 GeV},
{1000 GeV, 500 GeV}, and {1000 GeV, 1000 GeV}. The
distributions are obtained after applying the fully opti-
mized selection criteria outlined in Table I, and normal-
ized to the expected yields assuming an integrated lumi-
nosity of Lint = 100 fb
−1. The bulk of the background
distribution lies at mjj values below 2 TeV, while the
signal distributions are broad and overtake the SM back-
ground in the tails of the distribution (mjj values greater
than 3 TeV). Figure 9 shows the cumulative selection
efficiency after each additional criteria outlined in Ta-
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Figure 8. Dijet mass mjj distribution of VBF ADM signal
benchmark samples and major SM backgrounds with all the
optimized selections implemented, summarized in Table I.
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Figure 9. Selection efficiency after each additional criteria
outlined in Table I. The benchmark signal signatures are the
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ble I. The signal acceptance is 0.8-1% depending on mχ,
while the W/Z+jets backgrounds are reduced by approx-
imately 6-7 orders of magnitude. Although we propose
to determine final discovery potential with a shape based
analysis (described later) using the full mjj spectrum, to
illustrate where the bulk of the sensitivity lies, Figure
10 shows the normalized signal significance z/zmax as a
function of the mjj cut value, assuming an integrated
luminosity of 100 fb−1. As evidenced in Figure 10, the
contribution to the total signal significance dominates for
mjj > 3200 GeV.
IV. RESULTS
The definitions for S, B, and signal significance z de-
scribed in the previous section are used only for the pur-
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Figure 10. The normalized signal significance z/zmax as a
function of mjj cut value. Although final discovery poten-
tial is calculated using a shape based analysis of the full mjj
range, this plot illustrates that the bulk of the sensitivity lies
in the tail of the mjj spectrum (i.e. above 3 TeV).
Figure 11. Expected signal significance as a function of the
cutoff scale Λ and the ADM mass mχ. The signal significance
was calculated by performing a profile binned likelihood of
the mjj distribution using the systematic uncertainty as a
nuisance parameter, assuming a luminosity of 100 fb−1. The
5σ discovery potential region is enclosed by the black dashed
line, while the shaded grey area is the kinematically forbidden
region Λ < 2mχ.
pose of optimizing the selections. Instead of a cut and
count approach, the full mjj distribution is used to per-
form a shape based determination of the discovery poten-
tial with the test statistic defined from a profile binned
likelihood approach via the RooFit toolkit [37]. The ex-
pected bin-by-bin yields of the mT distribution in Fig-
6Figure 12. Expected signal significance as a function of the
cutoff scale Λ and the ADM mass mχ. The signal significance
was calculated by performing a profile binned likelihood of
the mjj distribution using the systematic uncertainty as a
nuisance parameter, assuming a luminosity of 3000 fb−1. The
5σ discovery potential region is enclosed by the black dashed
line, while the shaded grey area is the kinematically forbidden
region Λ < 2mχ.
ure 8, obtained using events satisfying the selections in
Table I, are used as input to the profile binned likeli-
hood calculation. These bin-by-bin yields are allowed to
vary up and down based on their Poisson uncertainty
and systematic uncertainty, where variations due to sys-
tematic uncertainty are incorporated using nuisance pa-
rameters. To incorporate realistic systematic uncertain-
ties, we use the VBF SUSY searches at CMS as a guide-
line [17, 23]. For the case of the SM backgrounds, the
dominant systematic uncertainty in Ref. [17, 23] is from
the data-driven measurement of the VBF selection effi-
ciency (24%). The dominant source of systematic uncer-
tainty in the expected signal yield comes from the experi-
mental difficulties involved with reconstructing, identify-
ing, and calibrating forward jets (20%). Less significant
contributions to the systematic uncertainties arise from
the efficiencies for electron, muon, and τh identification
(2-5% depending on the lepton), which contribute due to
the lepton vetos. Additionally, although we note a study
of the appropriate trigger for the proposed VBF ADM
search under the HL-LHC conditions is outside the scope
of this work, we assume a 3% systematic uncertainty on
trigger efficiency following Ref. [17, 23]. Finally, for the
uncertainty due to the choice of parton distribution func-
tion (PDF) used to simulate the signal and background
samples, we follow the PDF4LHC recommendations [38],
resulting in a 5-15% uncertainty depending on the pro-
cess. With the definition of the systematic uncertainties
and determination of the fit variable, the final signal sig-
nificance is calculated as the value of z such that the
integral of a Gaussian between z and ∞ is equal to the
probability that the background only test statistic value
is comparable to that obtained with a signal plus back-
ground hypothesis.
Based on the current data available at CMS/ATLAS
and the projections for the HL-LHC, the signal signifi-
cance has been calculated for a range of luminosity values
between 100 and 3000 fb−1. For each luminosity, we cal-
culate the significance for various cutoff scales and ADM
masses. The mχ values range from 1 to 2000 GeV, while
Λ varies between 500 and 3000 GeV. Figures 11 and 12
show the signal significance (on the z-axis) as a function
of mχ and Λ on the xy-plane. The region with Λ < 2mχ,
where the effective field theory breaks down, is shaded
in gray. The black dashed line indicates the 5σ discov-
ery contour (i.e. {Λ,mχ} points below this line result in a
signal significance ≥ 5σ). There is 5σ discovery potential
for mχ up to 600 GeV, assuming Λ = 1 TeV and an inte-
grated luminosity of 100 fb−1. The discovery range for
mχ, assuming Λ = 1 TeV increases to mχ < 1200 GeV
for an integrated luminosity of 3000 fb−1. It is important
to note Figures 11 and 12 show that while the proposed
VBF ADM search can probe TeV scale ADM masses, it
may also achieve discovery potential for “light” mass sce-
narios. For a light mass of mχ = 1 GeV, the proposed
search can provide signal significances greater than 5σ
for cutoff scales up to 1600 GeV, assuming an integrated
luminosity of 3000 fb−1.
V. DISCUSSION
In this work, we have explored the possibility of using
VBF processes as probes to discover DM that couples to
the SM through higher electromagnetic moments. Re-
maining agnostic about the UV completion, we consider
the anapole DM operator within an effective field theory
as a benchmark scenario. In this context, we denote χ
as the ADM particle and study the discovery reach as
a function of the free parameters Λ and mχ, the cutoff
scale and ADM mass, respectively. This EFT approach
allows us to study a broad range of ADM masses, includ-
ing very light DM scenarios (below 10 GeV and down to
GeV or MeV scale).
We find that γγ fusion is an important VBF ADM
production mechanism, with cross sections that domi-
nate over those of the more traditional mono-X processes
for all relevant values of Λ and mχ. A particularly in-
teresting feature resulting from γγ fusion events within
the ADM EFT is that it leads to a VBF topology with
significantly more forward jets and a larger dijet pseudo-
rapidity gap compared to VBF DM production in other
models such as SUSY, where t-channel WW/ZZ/WZ fu-
sion diagrams dominate. This distinguishing feature of
γγ fusion provides a clean mechanism to experimentally
7distinguish ADM from other DM scenarios should there
be evidence for discovery with the LHC data. We have
shown that the stringent requirements of large EmissT , two
high pT very forward jets with unusually large separation
in pseudorapidity, and TeV scale dijet mass is effective
in reducing contributions from QCD multijet, Z(→ νν)
+ jets, W (→ lν) + jets, and other SM backgrounds.
Assuming proton-proton collisions at
√
s = 13 TeV at
the HL-LHC, the proposed VBF χχjj search is expected
to achieve a discovery reach with signal significance of at
least 5σ for ADM masses up to 1.2 (0.6) TeV and Λ cutoff
scales up to 1.65 TeV. For an example comparison with
previously proposed ADM searches, the mono-Z study of
Ref. [28] showed an expected discovery reach of Λ / 700
GeV for mχ = 100 GeV and a similar range of system-
atic uncertainty. The proposed VBF ADM search in this
Letter is expected to be the most important mode for dis-
covery, far exceeding the projected sensitivity achievable
by the mono-X analyses.
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